Objective. Stimulating the human cortex using transcranial magnetic stimulation (TMS) temporarily reduces clinical and experimental pain; however, it is unclear which cortical targets are the most effective. The motor cortex has been a popular target for managing neuropathic pain, while the prefrontal cortex has been investigated for an array of nociceptive pain conditions. It is unclear whether the motor cortex is the only effective cortical target for managing neuropathic pain, and no published studies to date have investigated the effects of prefrontal stimulation on neuropathic pain.
Introduction
T ranscranial magnetic stimulation (TMS) is a relatively noninvasive brain stimulation technology that can focally stimulate an awake individual's brain [1, 2] via a localized pulsed magnetic field [3] . TMS is capable of stimulating the cortex by depolarizing superficial neurons [4, 5] . TMS at different intensities, frequencies, and coil angles can excite several elements (e.g., cell bodies, axons) of various neuronal groups (e.g., interneurons, neurons projecting into other cortical areas) [6] [7] [8] . When TMS pulses are delivered repeatedly, it is referred to as repetitive TMS (rTMS).
To date, most studies of TMS effects on pain perception have focused on stimulation of either the motor cortex or the prefrontal cortex. Several studies have found that rTMS delivered over motor cortex can affect the perception of laboratory-induced pain in healthy adults, as well as chronic neuropathic pain in clinical samples [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . A recent study demonstrated that the analgesic effects can be sustained for at least 15 days following 3 days of motor cortex rTMS [21] in patients with chronic neuropathic pain. There is some evidence that slow rTMS (1 Hz or less) is not as effective as fast rTMS (e.g., 20 Hz) in reducing neuropathic pain [22, 23] . Further, response to 20 Hz rTMS has been found to be predictive of response to implanted electrical stimulators over the motor cortex. In addition to neurpoathic pain, there is some evidence that motor rTMS can reduce pain and improve quality of life in patients with fribromyalgia [24] .
A few studies have demonstrated analgesic effects with prefrontal cortex rTMS as well. In a published case report, Reid and Pridmore [25] used fast rTMS over the left prefrontal cortex to significantly reduce reported pain experience in a single patient with chronic facial pain. A recent largescale controlled study investigated the effects of rTMS over the dorsolateral prefrontal cortex on pain tolerance in healthy adults. Slow rTMS (1 Hz) over the right prefrontal cortex has been associated with increased cold presser tolerance [26] . Recently, Borckardt et al. [27] found that 15 minutes of fast, left prefrontal TMS increased thermal pain thresholds in healthy adults. There is some evidence that fast prefrontal rTMS can significantly reduce migraine frequency, headache pain, and amount of medication used during and in the month after rTMS [28] . Sampson et al. [29] reported a significant reduction in pain among four patients with fibromyalgia following slow rTMS over the right prefrontal cortex, and Avery et al. [30] found that fast rTMS over the left prefrontal cortex was associated with a significant decrease in muscle, bone, and joint pain among patients undergoing rTMS for depression. Lastly, it has also been shown that fast left prefrontal rTMS, when delivered immediately following gastric bypass surgery, can reduce pain reports as well as the amount of patient-controlled analgesia use [31, 32] .
The role of the left prefrontal cortex in pain control is unclear, however there is evidence to support the concept that left prefrontal activation is negatively correlated with pain unpleasantness [33] , suggesting a potential governing role of the prefrontal cortex on pain perception. Chronic back pain has been associated with decreased prefrontal gray matter density [34] , and diffusion tensor imaging technology has been used to uncover anatomical circuitry connecting the prefrontal cortex with both the nucleus cuneiformis and periaquaductal gray supporting the potential role of the prefrontal cortex in the functionally characterized top-down pain inhibitory system [35] . Thus, prefrontal activation might result in analgesic effects, presumably by modulating limbic response to pain. These findings, along with some preliminary work demonstrating analgesic effects of prefrontal TMS in healthy adults and in patients with non-neuropathic pain conditions, seem to warrant an investigation as to whether the prefrontal cortex is a reasonable TMS target for controlling neuropathic pain.
To date, no controlled studies have been published on the effects of fast left-prefrontal rTMS on chronic neuropathic pain, and with respect to laboratory pain measures, most studies of TMS have been conducted on healthy adults. There is little information available on the effects of prefrontal rTMS on thermal or mechanical pain thresholds among patients with chronic neuropathic pain. Because prefrontal TMS may affect cortical and subcortical structures involved in pain perception independent of pain etiology (neuropathic or nociceptive), it was hypothesized that stimulation of the prefrontal cortex would significantly reduce clinical pain as well as increase both thermal and mechanical pain thresholds among patients with chronic neuropathic pain. The present single-blind, sham-controlled, withinsubject crossover pilot study evaluates the effects of three sessions of 10 Hz left prefrontal rTMS on pain, mood, functioning, and laboratory pain thresholds among four patients with chronic neuropathic pain.
Left Prefrontal TMS and Neuropathic Pain

Methods
Participants
This pilot study was approved by the Institutional Review Board in the Office of Research Integrity at the Medical University of South Carolina (MUSC). Four patients (3 women) with chronic neuropathic pain of various etiologies volunteered to participate in the study. Participant information is provided in Table 1 . Participants were diagnosed and referred for the study by their outpatient treating Anesthesiologist (ARS) at MUSC. Participants were eligible to participate if they had any type of chronic neuropathic pain (1 year or longer), no family history of epilepsy, no history of seizures, no implanted medical devices, no history of tumors or brain tissue abnormalities, no implanted metal in the head, neck, or chest, and were not taking any medications known to lower seizure threshold.
Dependent Measures
Daily Pain Diary Ratings Participants completed paper-and-pencil pain diaries at bedtime every day for 3 weeks prior to the first TMS session, throughout all real and sham TMS treatment phases, and for 3 weeks following the last TMS session. Each day, participants were asked to indicate their "Pain on average," "Pain at its least," and "Pain at its worst" using an 11-point numeric rating scale where 0 = "no pain at all" and 10 = "worst pain imaginable." Additionally, they were asked to indicate their average mood rating each day using an 11-point Likert scale where 0 = "extremely agitated/depressed" and 10 = "no depression/ agitation." Participants were also asked to record the number of hours of sleep they had the previous night, and the number of pain medications (pills; taken as needed and daily medications) taken each day. Lastly, participants were asked to rate their level of activity each day using an 11-point Likert where 0 = "not active at all" and 10 = "extremely active day."
Questionnaire Data
Participants completed the Neuropathy Pain Scale (NPS; [36] ), the Brief Pain Inventory (BPI; [37] [38] [39] ), the Beck Depression Inventory (BDI; [40] [41] [42] [43] [44] ), and the Center For Epidemiological Studies 10-Item Depression Scale (CESD; [45] ) at baseline, before the first TMS session, after the third TMS session, before the fourth TMSsession, after the sixth TMS session, and at 3-week follow-up. Mean total scores were used from each scale for statistical analyses. For the BPI, the mean of the functional impairment items was used.
Thermal Pain Threshold Assessment
Cutaneous heat stimuli were delivered via a TSA-II Neurosensory Analyzer (Medoc, Durham, NC) using a 30 ¥ 30-mm contact thermode attached to the volar forearm of each subject's left arm 5 cm from the wrist. The Method of Limits was used [46] . Each Subject's skin was allowed to adapt to a temperature of 32°C for 1 minute. The thermode was then programmed to heat at the rate of 1°C per second until the subject indicated that the "sensation reached a level that they considered to be painful" by pressing a button attached to the heating device (stopping the stimulus). The first trial of 10 was discarded and the average of the subsequent nine trials was used to represent thermal pain threshold. A minimum of 30 seconds elapsed between trials.
Mechanical Pain Threshold Assessment
An Electronic von Frey Anesthesiometer (IITC Life Science; Woodland Hills, CA) with rigid tips was used to assess mechanical pain threshold. Increasing pressure was applied to the distal phalanx of the digiti minimi of the left hand at the rate of 10 g per second until participants verbally indicated that the sensation had "reached the level they considered to be painful." The Anesthesiometer displayed the maximum pressure exerted (point at which participants indicated pain threshold had been reached) during each trial, and this value was recorded to a database. The first trial (of 10) was discarded and the average of the subsequent nine trials was used to represent mechanical threshold for each subject. For each trial, the point of stimulation was systematically varied within a 1 ¥ 1-cm square so that stimulation never occurred in the same spot more than once.
Procedures
Design and Visits
A single-blind, sham-controlled, within-subject, crossover design was employed. All participants received a series of three real rTMS treatments and a series of three sham rTMS treatments separated by 3 weeks. The order (real first or sham first) was randomized and participants were blinded to whether they were receiving real or sham rTMS. Participants made eight visits to the MUSC during the study. Visit 1 involved a screening interview that was conducted to determine eligibility to receive rTMS, and collection of a highresolution, T1-weighted structural magnetic resonance imaging (MRI) scan (to be used for prefrontal cortex location). Also at visit 1, participants completed all of the questionnaires. Participants then completed daily pain diaries for 3 weeks. The next three visits (visits 2, 3, and 4) were made within a 5-day period and participants received either three real or three sham rTMS sessions (randomly determined). Prior to the first rTMS treatment and after the third, participants completed the questionnaires and underwent laboratory pain testing. Participants completed the pain diaries daily during the treatment periods, and then continued to complete daily pain diaries for 3 additional weeks.
Participants returned for another three treatment sessions (visits 5, 6, and 7) within a 5-day period (three real or three sham treatments; crossover from previous treatment period). Prior to the fourth rTMS treatment and after the sixth, participants completed the questionnaires and underwent laboratory pain testing just as before. They completed daily pain diaries for an additional 3-week period, and then had one follow-up visit (visit 8) during which they completed the questionnaires and laboratory pain measures one last time. At the eighth visit, participants were asked to guess which treatment period was real and which was sham.
TMS Procedures
Subjects underwent a standard resting motor threshold assessment at each visit using a Neuronetics (Malvern, PA) Neopulse TMS machine with a figure-8 coil. The TMS machine was set initially to 40% of maximal output and 0.5 Hz frequency, and the TMS administrator located the area of the scalp that produced visible thumb movement upon TMS stimulation by systematically moving the coil around the scalp while making adjustments to the TMS intensity. Adaptive Parameter Estimation by Sequential Testing [47] procedures were conducted with the aid of custom-developed software to determine the amount of machine output necessary to produce visible thumb movement 50% of the time (resting motor threshold; rMT) [48, 49] .
Location of Left Prefrontal Cortex
The Brainsight TMS frameless sterotaxic system (v1.7b6; Rogue Research Inc., Montreal, Quebec, Canada) was used to locate the left prefrontal cortex for each participant. Each participant's structural MRI image was imported into Brainsight and registered to standard (Montreal Neurological Institute) space. A custom-developed program (by the first author) was used to determine the center of mass of left Brodmann Area 9 (BA9) as well as the shortest distance from the center of BA9 to the surface of the cortex. Each participant's structural image was marked with trajectories within Brainsight at the point corresponding with the cortical surface target with the shortest distance to the center of BA9. The Brainsight headband was attached to each participant and they were registered to the system. The Brainsight pointer and targeting system was used to identify each participants' scalp location corresponding with the appropriate marked trajectory to BA9.
Treatment Parameters
TMS was delivered at 10 Hz, 100% of resting motor threshold, 10 seconds on, 20 seconds off for 20 minutes (4,000 pulses) for each of the TMS sessions. Participants underwent the same motor threshold assessment and treatment procedures on each of the three separate visits within five consecutive days (treatment period). Questionnaires and laboratory pain measures were administered
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prior to TMS on the first day of each treatment period, and after TMS on the last day of each treatment period. All participants underwent both a real and a sham treatment period separated by 3 weeks and the order of treatments (sham vs real) was randomized (two participants received the three real TMS treatments first followed by the three sham TMS treatments 3 weeks later, and the other two participants received the three sham TMS treatments first, followed by the real treatments 3 weeks later).
Sham rTMS was conducted with a speciallydesigned Neuronetics sham-coil that looks and sounds identical to the active coil except that a hidden aluminum plate blocks actual stimulation from occurring.
Statistical Analyses
For laboratory data analyses, Hierarchical Linear Modeling (HLM) was used and the model error structure was first-order autoregressive. All participants' intercepts were entered into the model as random effects at level 1. This technique is a powerful approach to handling time-series data when observations are serially dependent over time (see Singer [50] for details on the use of HLM).
For pain diary data, time-series analyses were conducted at the individual patient level using Autoregressive Integrated Moving Average (1,0,0) models to partial out the influence of lag-1 autocorrelation. Average daily pain ratings were modeled against a numeric phase variable representing the three different phases of the study (baseline = 0, real TMS = 1, and sham TMS = 0). This independent variable was designed to determine if real TMS was associated with a change in average daily pain relative to both baseline and sham TMS phases. Further, daily mood ratings were included in the model such that any observed changes in pain perception would be observed over and above potential TMS effects on mood. Lastly, HLM was used to examine overall effects of real and sham TMS on all diary variables at the group level.
For questionnaire data, paired-sample t-tests were used to compare pre-and post-TMS scores for both real and sham conditions.
Results
Integrity of the Blind
Two of the four participants (50%) correctly guessed which treatment periods were real and sham, which is equal to chance. All four of the participants initially said that they did not know which was which, and it was not until they were pushed to "make a guess" that they were able to offer an opinion about which sessions were real and which were sham. However the effects of active TMS on pain were not independent of changes in daily mood. For this patient, when mood ratings were included in the model, the effects of rTMS on pain ratings were rendered statistically insignificant (model estimate = -0.76, SE = 0.46, P = 0.10). The mean of the patient's daily pain ratings during the baseline phase was 5.62 out of 10. During the active TMS phase, the mean was 3.93 (a 30% reduction), and during the sham TMS phase, it was 4.95 (a 12% reduction from baseline).
Laboratory Pain Data
Patient 2: Ilioinguinal Neuropathy
A significant effect for active prefrontal TMS was observed on average daily pain (model estimate = -1.15, SE = 0.39, P = 0.005) over and above autocorrelation (model estimate = 0.71, SE = 0.09, P < 0.001) and effects on mood (model estimate = 0.46, SE = 0.15, P = 0.005). Mean daily pain ratings during baseline was 7.52 out of 10. The mean during the active TMS phase was 5.41 (a 28% reduction) and during the sham TMS phase it was 5.74 (a 24% reduction from baseline).
Patient 3: Diabetic Peripheral Neuropathy and Atypical Facial Pain A significant effect was observed for active prefrontal TMS on average daily pain ratings (model estimate = -1.64, SE = 0.37, P < 0.001) over and above autocorrelation (model estimate = 0.46, SE = 0.12, P < 0.001) and effects on daily mood ratings (model estimate = 0.01, SE = 2.31, P > 0.99) which was not related to average daily pain. Mean of daily pain ratings during the baseline phase was 5.29 out of 10. During the active TMS phase the mean was 4.05 (a 23% reduction), and during the sham TMS phase it was 6.57 (a 24% increase over baseline).
Patient 4: Mandibular Neuropathy
There was no variability in this patient's pain or mood ratings during the entire trial. Thus, no effects were observed for either active or sham TMS on pain or mood.
For the HLM analyses of diary data at the group level, Bonferroni correction was used to adjust critical alpha multiple comparisons (alpha = 0.002). Table 2 shows the means and SEs for each diary variable and for each study period along with the P values from the hierarchical linear models. Figure 3 shows the mean (and 95% CI) ratings for each of the diary variables across each phase of the study. Real TMS was associated with significant decreases in average pain, pain at its worst, and pain at its least (t[158] = 12.34, P < 0.0001; t[159] = 7.86, P < 0.0001; and t[158] = 10.22, P < 0.0001, respectively) over and above effects on activity, mood, and sleep. Sham TMS was also associated with decreases in average pain (t[159] = 2.92, P = 0.004) and pain at its worst (t[160] = 3.04, P = 0.003), but not pain at its least (t[158] = 1.33, P = 0.19) over and above effects on activity, mood, and sleep. However, real TMS had significantly larger effects on average pain (t[161] = 5.79, P < 0.0001), pain at its worst (t[162] = 2.97, P = 0.003), and pain at its least (t[160] = 6.68, P < 0.0001) than sham TMS.
Questionnaire Data
No statistically significant effects were seen on any of the questionnaire data across any of the treatment conditions. Table 3 shows the means (and 95% CIs) for each scale at each measurement time-point in the study. Real TMS was associated with a 14% reduction in NPS scores, a 43% reduc- 
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tion in CESD scores, and a 44% reduction in BDI scores. These were all greater than the reductions associated with sham TMS (4%, 10%, and 19%, respectively). Sham TMS was associated with a 12% improvement on BPI functionality scores, whereas real TMS was only associated with 6% improvement.
Discussion
A series of three 20-minute sessions of 10 Hz rTMS over the left prefrontal cortex within 1 week (12,000 pulses) was associated with a 19% decrease in daily average pain on average lasting~2 weeks in four participants with chronic neuropathic pain. In two participants, prefrontal TMS was associated with a significant reduction in average daily pain over and above effects on mood. In one participant, the significant decrease in average daily pain was not independent of changes in mood. In these three participants, real rTMS was superior to sham TMS stimulation with respect to improving daily pain and mood ratings. One participant experienced no change in pain or mood during the trial. Overall, real TMS was associated with increased thermal and mechanical pain thresholds, whereas sham was not; however, no significant effects were observed on the NPS, BPI, BDI, or CESD scales.
While much research has been done on the effects of motor cortex stimulation via TMS on neuropathic pain, little work has focused on the potential role of prefrontal TMS in the management of neuropathic pain conditions. The present findings, taken together, are interesting and novel inasmuch as they suggest that future work is warranted to develop a better understanding of the role of the prefrontal cortex in pain perception as well as to determine optimal cortical targets and stimulation parameters for managing chronic neuropathic pain via TMS.
One important consideration dictating the potential for TMS to be used as a bona fide treatment for chronic pain is the duration of any analgesic effects. TMS effects on pain are generally short lived. Findings from this trial and from the Khedr et al. [21] trial suggest that three to five TMS sessions are associated with about 2 weeks of pain relief. These findings are in contrast to earlier work suggesting very short-lived response (<1 hour) following a single session. Given these findings, it would seem that more TMS sessions might Although the results from this pilot trial are promising, this study has a number of limitations. First, the sample size is small, and thus the accuracy of any estimates of the true effect size of prefrontal rTMS on neuropathic pain drawn from this study may be limited. Additionally, questions about generalizability are often unanswerable when sample sizes are small.
There is emerging evidence that many people experience repetitive TMS as mildly to moderately painful, whereas sham TMS (when administered in the manner employed in this study) is typically less bothersome to participants. It is possible that the painfulness of real TMS may lead to changes in pain perception due to activation of central and peripheral endogenous pain regulating mechanisms. While it seems highly unlikely that such mechanisms could explain a 2-week long 19% reduction in pain, it is possible that the painfulness of real TMS could have influenced the more immediate laboratory measures of pain threshold. However, participants in this study had a difficult time determining which sessions were real and which were sham. Future studies should employ sham conditions that are matched to real TMS with respect to painfulness and unpleasantness in order to rule out a potentially problematic confound.
No statistically significant effects were noted across any of the questionnaire data. Real TMS was associated with a 14% reduction in NPS scores, a 43% reduction in CESD scores, and a 44% reduction in BDI scores. These were all greater than the reductions associated with sham TMS. There was likely not enough power due to limited n-size for traditional paired sample t-tests to detect differences.
Because of the nature of the within-subject crossover design, the gradual nature of clinical improvement and return to baseline functioning, and the largely unknown duration of TMS effects on pain perception, it is possible for carryover effects to have muddied the available inferences in this study. It is unclear why there were apparent differences in mechanical and thermal thresholds before both the real and sham TMS treatmentperiods; however, it is possible that carryover effects contributed to this phenomenon. Future studies employing this type of design for evaluating the effects of rTMS on chronic pain should consider allowing more time to pass between treatment phases in order to ensure all participants ample time to return to baseline functioning (both clinically and with respect to laboratory measures) before initiating a new treatment.
Another limitation of the present study is that the patient population was heterogenous with respect to the type of neuropathic pain disorder. This makes it difficult to generalize the findings in a clinically useful fashion. However, the goal of this preliminary pilot was to determine if prefrontal rTMS would have any impact at all on neuropathic pain, and it appears to be associated with a noticeable effect. Nonetheless, future investigations would do well to focus on specific types of neuropathic pain in order to begin to develop a list of disorders for which TMS might be beneficial.
The prefrontal cortex may be a promising TMS target for reducing pain in neuropathic, rheumatologic, and postsurgical populations, although the mechanisms by which it might work remain unclear. Future studies are needed to determine TMS treatment parameters and cortical targets that can optimize the effect and its duration, as well as begin to elucidate potential mechanisms of action.
